The HLA class I genes are located within a 2-million-base pair (2-Mbp) region constituting the telomeric half of the human major histocompatibility complex. The large majority of the class I sequences, including the lLA-A, -E, -F, and -G genes, is found within the telomeric 1 Mbp. We report here the isolation and characterization of yeast artificial chromosome (YAC) clones that span a contiguous region of >1.2 Mbp and include 14 of the 18 characterized class I sequences.
The human major histocompatibility complex (MHC) is located on the short arm of chromosome 6 in the distal portion of the 6p21.3 band and consists of three major linked gene clusters, the class I, the class II, and class III genes. Much attention has been paid to this region because of the importance ofthe class I and class II genes in the immune response. The products of these genes play fundamental roles in the immune response by presenting antigen to T-cell receptorbearing lymphocytes (1) . The gene products compose the major portion of the tissue type of an individual and thus are referred to as the transplantation antigens. The HLA-A, -B.
and -C loci make up the class I component of the transplantation antigens. Recent work has yielded a complete description of the class I gene family and has uncovered three new class I genes, HLA-E, -F, and -G (2) (3) (4) . Although studies of their functions have scarcely begun, it appears that each of these latter genes may have a unique specialized function (5) .
Efforts to clone the class I region have been successful in the mouse, where 36 class I genes have been isolated within several contiguous regions (6, 7) by using cosmid vectors. In humans, similar attempts with cosmid vectors have not resulted in the isolation of large contiguous regions because of the comparatively large size of the human class I region and the lower density of class I genes. However, studies have shown there are at least 18 distinct class I gene sequences, each lying within a separate HindIII fragment (8) . Six of these encode the classical transplantation antigens HLA-A, -B, and -C and the less polymorphic HLA-E, -F, and -G. Of the 12 remaining sequences, 4 are full-length pseudogenes and 8 are abbreviated pseudogenes, including 3 containing a single intron-exon fragment (22) . Recently, yeast artificial chromosome (YAC) clones have been used successfully to isolate a 290-kilobase pair (kbp) portion ofthe class I region containing the HLA-B and HLA-C loci and an HLA-B-linked pseudogene (9) as well as 210-and 145-kbp YACs containing HLA-E and a class I pseudogene designated HLA-X (10).
To isolate a large contiguous stretch of the class I region, we have screened a YAC library for class I-containing YACs. Using pseudogene sequences and locus-specific probes, we have isolated YAC clones that, when combined with the three previously isolated YACs (9) , contain all of the characterized class I loci. The YACs reported here cover a contiguous region spanning the HLA-E-to-HLA-F interval and include 14 members of the class I. multigene family. Mapping of the YAC clones has provided a precise ordering and positioning of each of these loci.
MATERIALS AND METHODS
Cell Lines and YAC Clones. CGM1 is a B-lymphoblastoid cell line (LCL) derived from the YAC library donor, and MCH6 is a chromosome 6-containing microcell hybrid (9) . 721 is a B-LCL used in earlier studies characterizing the human class I multigene family and is the source of the original clones from which many of the class I locus-specific probes were derived (2-4). CD, FR, GY, and WA are B-LCLs derived from bone marrow donors at the Fred Hutchinson Cancer Research Center. YAC clones were isolated from the YAC library at the Center for Genetics in Medicine at Washington University. The initial screening of the YAC library used colony hybridization at moderate stringency with an HLA-B cDNA probe (9) . This screening resulted in the isolation offive HLA class I-containing clones in addition to those previously described. Subsequent screenings used polymerase chain reaction (PCR) assays (11) developed from the sequences of the HLA-E, -F, and -G genes as well as from class I pseudogene sequences. In all, eight probes were used in separate screenings yielding a total of 11 YAC clones.
Gel Electrophoresis and Southern Analysis. YAC DNAs and agarose plugs were prepared as described (12, 13 (3) . Blots were washed at either low stringency (2x SSPE at 370C; lx SSPE = 0.18 M NaCl/10 mM phosphate, pH 7.4/1 mM EDTA) or high stringency (0.1 x SSPE at 650C).
Cloning the Ends of YACs. The strategy we used to identify unique sequence probes from the ends of YACs involved cloning fractionated doubly digested YAC DNA into doubly digested pUC19 and using probes derived from the left and right YAC vector arms to identify the desired clones. This strategy takes advantage of the facts that Cla I and Sal I are infrequent cutters of the human genome and that they are found near the left and right sides, respectively, of the EcoRI cloning site in the pYAC4 vector (15) . The left-arm probe is a 351-base-pair (bp) Cla I-BamHI fragment from pBR322 and corresponds to the sequence bordering the left half of the SUP4 sequence in pYAC4. The right-arm probe is a 276-bp Sal I-BamHI fragment from pBR322 and corresponds to the sequence bordering the right half of the SUP4 sequence in pYAC4. These left-and right-arm sequences are not present in pUC19. YAC DNAs were digested with either Cla I or Sal I and then divided into five aliquots and redigested with one offive enzymes chosen from sites compatible with the pUC19 polylinker. Alternative left-end primary cutting sites are HindIII and Nhe I. DNAs were fractionated in an agarose gel and transferred to nylon for Southern hybridization. Enzyme pairs that yielded an end fragment of 2-10 kbp were used to doubly digest 50 pg of DNA. DNA was fractionated on an agarose gel, and DNA migrating at the appropriate size was isolated with GeneClean (Bio 101, La Jolla, CA), ligated with compatibly cut pUC19 DNA, and transformed into Escherichia coli 490A. The transformed cells were plated on 15-cm plates with nitrocellulose filters and screened with the left-or right-end probes; on average, 1 positive clone per 200 colonies was obtained.
RESULTS
Cloning of the Class I Region. Initially, clones were isolated from the library by using an HLA-B cDNA probe in a hybridization screening. These clones were next examined with locus-specific probes to identify the individual class I sequences each contained. YACs were identified containing six of the class I sequences including HLA-A and five pseudogenes. Sequence information from the class I genes and pseudogenes not isolated was then used to develop PCR assays for subsequent library screenings. Assays specific for the HLA-E, -F, and -G loci were used as were assays derived from pseudogene sequences HLA-30, -75, and -92. The combined screenings yielded 16 YAC clones.
These YACs, in addition to those previously described (9), were shown to contain all of the 18 class I genes and pseudogenes. All of the class I-hybridizing HindIII bands found in CGM1 genomic DNA are present in one or more of these YACs (data not shown). The previously described YACs B92H5, B38D3, and B209D7 contained the HLA-B and HLA-C genes and the HLA-17 pseudogene fragment. Fourteen of the 15 remaining characterized sequences are located within the contiguous stretch of YACs described here. Additionally, two overlapping YACs, 6 and 7, were isolated and shown to contain an 18th class I homologous sequence, HLA-81. These YACs were exceptional in that neither overlapped with the other class I YACs. This fact and the failure of an HLA-81-specific probe to hybridize to chromosome 6 DNA (data not shown) suggest that HLA-81 is not located within the MHC.
Ordering of the YACs and the Class I Loci. The YACs isolated were further characterized by determining the overlap among the different clones. Overlaps were established by the identification of shared loci and by hybridization with probes derived from the ends of the YAC genomic inserts. The end probes were obtained by subcloning [2] [3] [4] [5] [6] [7] [8] [9] [10] prolonged growth. However, it was possible to return to the original library stab and obtain a clone containing only the larger chromosome for both of these YACs.
Our experience with the class I YACs described here and with others studied in our laboratories includes the analysis of >40 clones. Because it was possible to obtain two or more YACs from each locus, we were able to identify a set of intact YACs that appear to faithfully represent this genomic region. It should be emphasized, however, that only about one in three YACs contained a single contiguous insert and also no evidence of gross deletion. Thus, it is apparent that the successful application of this library is dependent both upon its depth (currently estimated to be 6-8 genome equivalents) and careful evaluation of each YAC for contiguity of its insert.
Rettion Mapping and Determination of Gene Orientation. Seven of the 14 YACs covering this region were subjected to restriction enzyme analysis with five enzymes as shown in Fig.  2 . Both complete and partial enzyme digests were used in conjunction with the left-and right-end probes to order the restriction fragments. The positions of the class I genes and pseudogenes were determined by hybridization with locusspecific probes. Previously isolated cosmids containing class I sequences were used to determine the transcriptional orientation (22) . The positions of each pseudogene and gene were determined with locus-specific probes and restriction enzyme-digested YAC DNA. The orientation of HLA-F was determined by using the FSH and 54ut probes (3) and the Mlu I and BssHII sites found within the genomic sequence. The HLA-A orientation was determined relative to the pseudogenes linked within cosmid 19.1, and locus-specific probes 80M and 2a.1 were used to probe YAC digests to determine the orientation of the cosmid. Similarly, probes 75HA and GHX were used to determine the orientation of the HLA-G-containing cosmid. The HLA-E orientation was deduced by using the 73E probe from an HLA-E-containing cosmid (8) and an HLA-E probe to orient the cosmid relative to the YACs. The transcriptional orientation within the cosmid was determined by using 5'-and 3'-specific HLA-E probes. The relative order of the HLA-54 and HLA-16 pseudogenes was determined in an analogous manner by using cosmid-derived probes 016H and HLA-16-specific probe 16g1.
from the HLA-E containing cosmid 7.3 and has been mapped 40 kbp from HLA-E. Hybridizations were done at 420C in 50%o formamide, and the HLA-A2 blot was washed at low stringency, while the 70ES, 2L, and 16gl blots were washed at high stringency. 721 DNA is from a cell line used in a previous characterization of the HLA class I multigene family (8) . The HLA haplotypes of these individuals are as follows: 721 = AJ,A2/B5,B8; CGM1 = A3,A29/B8,B14; CD = A24/B44,B48; FR = A23,A24/ B44,B39; GY = A2,A11/Bw6O,B18; WA = Aw11,A24/Bw6O,B5. Probes are as follows: A2, 5.1-kb HLA-A2 genomic clone; 70ES, sequence-specific probe from the HLA-70 pseudogene; 2L, YAC (2-4) . Pseudogene-derived probes 30E, 92EH, 59NH, 70ES, 54HX, lGgl, and 75HA will be described (unpublished data). The remaining probes are from this analysis derived from the left (L) or right (R) ends of the indicated YAC clone. Indicated above the line is the approximate limits of the deletion observed in the CD and FR DNAs (see Fig. 3 ).
Based on the size of this region and on an estimate of 100,000 genes in the human genome, it can be predicted that =40 genes lie within the 1.2 Mbp characterized here. Indeed, a 600-kbp segment from the class III region includes at least 19 genes (18). In the HLA-E-to-HLA-F interval, only the four HLA class I genes have so far been identified. Several specific-disease-associated loci have been linked to the MHC, the most notable of which may be the hereditary hemochromatosis locus, which is closely linked to the HLA-A gene (19) . A second disease locus, associated with nasopharyngeal carcinoma, has been found to be tightly linked to the HLA region (20) . One or both of these loci may lie within this 1.2-Mbp contiguous region. In this regard, it is interesting to note that there are nine positions where two or more occurrences of the CpG-containing sites cleaved by restriction enzymes BssHII, Mlu I, Not I, and Sal I occur within 5 kbp of one another and not in association with a class I locus. It has been well-established that CpG-rich regions are often associated with the 5' ends of housekeeping genes and some tissue-specific genes (21) . Thus, these locations should be examined in a search for new genes.
Studies using hybridization with YAC insert end probes have also identified an interesting loss ofHLA-A-locus-linked sequences in certain HLA haplotypes (Fig. 4) . This region, located between HLA-A and HLA-G, may mark a region of genetic instability within the class I region. Of considerable interest is that this putative instability is reflected in both bacterial and yeast clones. In previous work we analyzed 10 cosmid clones containing HLA-16 and HLA-54 (ref. 8 ; unpublished data). Five of these clones had deleted sequences and 2 others showed instability during growth. Of the three YAC clones that include sequences from this region, YAC 41 has a deletion and YAC 40 is missing one end, while YAC 23 is unstable upon prolonged growth ( Table 1) . Also of interest and perhaps relevant to this instability is the contrast between the relatively high recombination distance between the HLA-A and HLA-F loci and a physical distance of only 340 kbp (8) . With the region cloned and with an extensive array of probes in hand, it should be a simple matter to narrow down the sites of recombination and ultimately identify a potential recombination sequence in the human genome.
